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‘g ABSTRACT (Continue onr reverse if necessary and rdentify by block number)
The electrochemical behavior of physical-vapor-deposited nonequilibrium stainless Al-W and
Al-Ta alloys and the electrochemical behavior and surface chemistry of sputter-deposited
nonequilibrium stainless Al-Ta alloys have been investigated. Results from the vapor-
deposited alloys show that these materials possess enhanced passivity despite the presence

are the sputter-deposited thin films that more uniform. Sputter-deposited Al-Ta alloys
exhibit enhanced passivity over a pH range of 2 to 12 even though the passive film chemistry
varies considerably over this range. This enhanced passivity can be explained by the
solute-rich interphace model (SRIM), which claims that formation and passivation of occluded
cells are controlled by localized concentrations of solute. The higher concentrations of
solute at the metal-oxide interface and around occluded cells stabilize the passive film
from continued chloride attack and dissolution.

aluminum alloys that exhibit better performance
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INTRODUCTION

Aluminum and its conventional alloys are susceptib!2 to localized attack in chloride-
containing environments. Although the corrosion resistance of steels can be
dramatically improved by the incorporation of chromium, molybdenum, and other ele-
ments to make stainless steels, there are no equivalent conventional stainless alu-
minum alloys. The failure to produce such alloys is largely due to the very low solubility
of passivating species in aluminum; above a small fraction of an atomic percent, these
species form precipitates, and microgalvanic couples established between the two
phases can increase corrosion.

In the last several years, supersaturated aluminum alloys with Mo, Cr, Ta, W, Zr, Nb,
Zn, V, Cu, Ti, and Si have been produced by several groups using rapid solidification or
other nonequilibrium methods.[1-28] Several alloys have shown significant
improvements in passivity in chloride-containing environments. For our sputter-
deposited thin films, Al-W, Al-Ta, and Al-Mo alloys have shown the best performance
with breakdown potentials well above 0 V (SCE) and passive regions exceeding 1000
mV.[4-9] All potentials given in this report are relative to a saturated caiomel electrode
(SCE).

During this contract year, we have continued to pursue two areas of investigation:
production and testing of bulk or thick-film Al-Ta and Al-W material; and continued
investigation of the mechanisms by which these stainless aluminum alloys exhibit
enhanced passivity. Although thin films of stainless aluminum have potential
applications in electronic devices and metal-matrix composites, bulk or thick-film
material has even more potential applications. Accordingly, we have characterized and
evaluated the corrosion performance of thick-film material produced by physical vapor
deposition (PVD).

Several different mechanisms have been proposed to explain the passivity of
stainless aluminum alloys, including electrostatic repulsion of Cl- by oxidized solute
atoms,[1-3] formation of an oxidized solute barrier layer,[3,4] blockage of Ci- transport
through the passive film,[19] stabilization of the passive film oxide structure,[6]
replacement of oxidized Al in the passive film by oxidized solute to form a more stable

oxide,[25,26] reduction of the acidification and dissolution within occluded cells,[17] and
reduction in Cl- adsorption due to PHpzc changes.[11-17] Additionally, Macdonald and




coworkers [29,30] have proposed a solute-vacancy interaction model (SVIM) in which it
is suggested that pits originate as vacancies collect at the metal/passive film interface,
which causes the film to collapse locally; highly oxidized solute atoms form complexes
with cation vacancies formed by CI- adsorption to reduce the diffusivity of the vacancies
and slow their buildup at the metal/film interface.

Many of these mechanisms are variations and it is possible that different
mechanisms may control the passivity of the various stainless aluminum alloys under
different conditions. Very recently, we have proposed a solute-rich interphase model
(SRIM) that incorporates various aspects of several models to explain the enhanced
passivity of Al-W alloys [9]. We have continued to characterize and test stainless
aluminum alloys under different conditions to further evaluate the mechanisms
govermning the passivity of these alloys and to determine the applicability of this model to
other alloys. Specifically, we have examined the electrochemical behavior and, in some
cases, the surface chemistry of Al-Ta alloys in KCI solutions of different pH values.

The behavior of these alloys at non-neutral pH values is of special interest since the
Pourbaix diagrams for W and Ta and the literature for stainless steels suggest that the
passivity of Al could be extended outside the pH range of 4 to 9 through the
nonequilibrium addition of these elements to Al. Pourbaix diagrams for Al, W, and Ta
are shown in Figure 1[31)]. This figure reveals that passivity is anticipated at low pH
values for W, at neutral pH values for Al, and over the entire range of pH values for Ta.
It is reasonable to believe that the passivity of Al could be extended to lower pH values
through the nonequilibrium addition of W and Ta. The literature for stainless steels [32-
35] has shown that the addition of W (in the presence of a significant amount of Ni)
enhances passivity at low pH values.

EXPERIMENTAL PROCEDURE

Thin-film Production

Thin-film specimens were produced by co-sputter deposition using a 602RS
Loadlock thin film deposition system with both dc and RF magnetron sputtering.[36]
Four-inch-diameter silicon wafers were mounted onto a rotating substrate holder to
alleviate concentration gradients. These specimens were deposited at ambient tem-




peratures. Solute concentrations for the alloys were determined by induction coupled
plasma (ICP); all concentrations are given in at.%. After deposition, the wafers were
cleaved into smaller specimens for further evaluation.

Vapor Deposition

Two groups of vapor-deposited specimens were produced by Idaho National
Engineering Laboratory (INEL) in 1992 -- one group (CD-12, CD-13, CD-16, and CD-17)
was prepared in the winter and the second group (CD-25) was prepared in the fall. A
schematic of the double source high-rate physical vapor deposition system used for
producing the alloys appears in Figure 2. The flux from each source was independently
controlled using a Telemark model 272 electron gun to obtain the desired alloy
composition. Typical vacuum levels during deposition ranged from 10-2 to 10-3 Pa. ITo
obtain a uniform deposit, the collector plate was rotated during deposition. Pure Al, W,
or Ta were used as the sources and glass, aluminum, and silicon single-crystal wafers
were used as collector plates.

X-ray Diffraction and Microscopy

Glancing angle x-ray diffraction (GXRD),[37] with a constant angle of 10° between
the incident x-ray beam and the film surface, was used to check the thin-film ailoys for
precipitate formation. The experiments were performed on a Scintag diffractometer
using a monochromatic Cu Ko x-ray source. The glancing angle was chosen both to
optimize the signal from the metal film and to prevent diffraction from the Si single
crystal.

All of the specimens were examined under an optical microscope before and after
testing. Some of the specimens were examined using an ISI SS40 scanning electron
microscope.

Electrochemical Experiments

Vapor-Deposited Alloys

Anodic potentiodynamic polarization experiments were performed on both groups of
vapor-deposited specimens. These tests were conducted on EG&G Princeton Applied




Research potentiostats using Model 352 corrosion software. The specimens were
tested in a flat cell (EG&G flat-cell model K0235), which simplified the mounting of the
specimens since no lead wire attachment or coating of the specimens were required.
The solutions were open to the atmosphere and not intentionally aerated or deaerated.
Before polarization, the open circuit potentials were allowed to stabilize for 1 hour.
Specimens were polarized at both the ASTM suggested slow scan rate of 0.2 mV/s and
an even slower scan rate of 0.05 mV/s.

Thin-film Alloys

Individual electrochemical specimens were prepared by attaching a coated lead
wire, and masking the back and edges of the specimens with a marine epoxy paint.
Anodic potentiodynamic polarization curves were generated at a scan rate of 0.2 mV/s
at ambient room temperature (23° to 27°C). A limited number of experiments were also
run at a rate of 0.05 mV/s. All experiments were conducted on at least duplicate
specimens in aerated chloride solutions with pH values ranging from 2 to 12 for the Al-
Ta alloys. After immersion and before polarization, the open-circuit potentials, Eq¢, were

allowed to stabilize for at least 1 hour.
Surface Analysis

The chemistry of the Al-Ta passive film in pH 3 and pH 12 solutions was investigated
in the as-sputtered condition, at the open circuit potential, and at various potentials up to
Ep. The same specimens were repolarized until the breakdown potential was reached.
Details of the procedure have been reported previously.[3,4] Changes in the surface
chemistry induced by the transfer procedure and by exposure to ultrahigh vacuum have
been examined and possible artifacts were shown to be either small (e.g., additional
oxidation) or tractable (e.g., adventitious contamination), and differences in the
measured surface chemistry were shown to originate in the electrolyte.[2,38]

The x-ray photoelectron spectroscopy (XPS) measurements were made using a
Surface Science Instruments Model SSX 100-03 spectrometer with a monochromatized
Al Ka x-ray source and a hemispherical electron energy analyzer with muitichanne!
detection. The x-ray source was focused to a spot size of 600 pum and the surface
charge was neutralized with low-energy electrons. Binding energies were normalized to
that of adventitious hydrocarbon at 284.8 eV. Survey spectra provided a qualitative




analysis of the surface, whereas high-resolution spectra of the O 1s, C 1s, Al 2p, and Ta
4f photoelectron peaks were used for quantitative analysis and chemical state
determination. Quantitative analysis data were obtained using peak areas and
sensitivity factors determined from standards with our spectrometer. Chemical state
separation was achieved by curve fitting, the details of which are presented eisewhere
[3], with the Ta 4d doublet being constrained with a peak separation of 1.8 eV and an
area ratio of 1.333.

The XPS data have been displayed in conventional representations and on surface
behavior diagrams (SBD) [39,40] SBDs resemble temary phase diagrams in that they
represent a surface composition as a weighted sum of three basis compounds.
However, they differ from phase diagrams in that surface compositional information
rather than bulk phase information is represented. Furthermore, equilibrium condition is
relaxed so that changes in the surface composition during nonequilibrium reactions can
be traced.

SBDs have been used to trace the evolution of the surface composition during a
variety of reactions with the environment [40-46] and as a function of depth into the
material [47-50] The observed path can then be compared to paths predicted from
proposed models and mechanisms. Often, the SBD representation allows insights not
readily available from more conventional analyses. In the present case, the evolution of
the passive film is traced as a function of overpotential for the different electrolytes.

The SBD was constructed by converting the atomic concentrations of oxidized Al,
oxidized Ta, and O (following correction for the oxygen bound to adventitious
hydrocarbon) to molar concentrations of Al203, Ta20s5, and H20. This linear
transformation can be represented in matrix form as:
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RESULTS
Material Characterization -- Vapor-Deposited Materials

When observed under an optical microscope, the vapor-deposited alloys reveal
numerous small nodules on their surfaces. The formation of these nodules from small
fragments of the solute target was observed during the deposition process. It is
believed that defects or impurites in the solute rod stock led to the ejection of these
fragments of solute metal during electron-beam melting. These nodules are of concern
for twn reasons. First, depending on when the particles were ejected and whether they
were subsequently coated with the alloy, their presence could establish localized
galvanic couples on the surface leading to peferential dissolution of the alloy adjacent to
these nodules. Second, the nodules disturb subsequent film growth; leading to the
possible establishment of large, surface-connected defects in the deposit. Our earlier
work revealed that small discontinuities in the substrate surface or small particles on the
surface can have disastrous effects on alloy growth. Figure 3 shows a cross-section of
vapor-deposited alloy that contained a small particle on the surface of the coliector
plate. This type of defect was noted using low-magnification microscopic evaluation of
the alloy surfaces after deposition, as shown in Figure 4. In addition to acting as
occluded cells, these sites could also have a negative influence on electrochemical test
results by exposing the underlying collector plate to the test solution. Grain growth in
the alloy was also found to be influenced by the presence of these nodules as Figure 5
illustrates.

X-ray diffraction ot Al-W PVD alloys revealed the presence of WAI12 and possibly
WAI5 precipitates. At this point, it is uncertain whether these precipitates are associated
with the nodules or the alloy. Fewer and/or smaller precipitates were also found in the
Al-Ta alloys, but these have not yet been identified.

Electrochemical Experiments
Physical Vapor-D ited All
Electrochemical results for the various physical vapor-deposited alloys are listed in

the Table 1. Despite the fact that the alloys contained numerous defects, quite
promising corrosion performance was observed. As Table 1 reveals, the best results




were obtained for alloy CD-12 specimen No. 2 (Al-2.4%W), which exhibited a
breakdown potential of -51 mV. This value is similar to the breakdown potentials
reported earlier for our Al-1.5%W thin-film alloys. However, a replicate specimen from
this same alloy showed a much lower breakdown potentiai of -479 mV, as shown in
Figure 6. Note that the breakdown potential for pure Al is approximately -690 mV.
Similar passive current densities were noted for all of the specimens. The large
difference in the breakdown potential between the two replicate specimens is believed
to be related to severe defects (probably surface connected) for the second specimen.
Differences were also noted between replicate specimens for other compositions and at
the slower potentiodynamic scan rate. Figures 7 to 10 show the behavior of replicate
specimens for CD-13, CD-16, CD-17, and CD-25, respectively. A comparison of the
behavior of Al-W alloys to that of pure Al is presented in Figure 11. All of the alloys show
enhanced passivity in comparison to pure Al with the CD-12 and CD-25 specimens
exhibiting the highest breakdown potentials. Because of the significant scatter between
replicate specimens, no conclusions could be drawn regarding the influence of collector
plate material on alloy performance. However, the smoothness and cleanliness of the
surface, no matter what the substrate, were found to be critical factors in the deposition
process.

Table 1. Anodic Polarization Data for Al-W and Al-Ta PVD Alloys in 0.1 M NaCl

SAMPLE ~ COMPOSITION SCANRATE  Eqc Eb ip
(mV/s) (mV) (MV)  (uA/cm?)

CD12-1 Al-2.8W 0.2 -627 -479 0.148
CD12-2 Al-2.8W 0.2 -617 -51 0.107
CD13-3 Al-2.2Ta 0.2 -749 -303 0.314
CD13-4 Al-2.2Ta 0.2 -624 -102 0.634
CD16-10 Al-2.4Ta 0.2 -994 -415 0.997
CD16-11 Al-2.4Ta 0.2 -927 -375 0.134
CD17A-1 Al-1.9W 0.2 -686 -480 0.34
CD17A-2 Al-1.9W 0.2 -683 -580 0.599
CD17B-1 Al-1.9W 0.2 660  Active  Active
CD17B-2 Al-1.9W 0.2 -672 -531 0.464
CD25-1 Al-3.8W 0.2 -613 -365 0.295
CD25-2 Al-3.8W 0.2 -715 -463 0.117
CD25-4 Al-3.8W 0.05 -759 -441 0.123
CD25-5 Al-3.8W 0.05 -676 -311 0.194




Thin-film Alloys

Anodic potentiodynamic polarization was conducted on 24 Al-Ta thin-film specimens.
These experiments were carried out at a variety of pH values and at two different scan
rates, as outlined in Table 2. Deaerated solutions were used for most of the
experiments and the Ta concentration in the alloy was 2.8%. Polarization data for pure
bulk Al and Ta are also presented in Table 2.

Table 2. Polarization Data for Al-Ta Alloys in 0.1M NaCl

COMPOSITION pH DEAERATED SCAN RATE Eoc Eb ip
(mV/s) (mV) (mV)  (uA/cm?)
Al-2.8Ta 12 N 0.2 -1207 1000 6
Al-2.8Ta 12 N 0.2 -1272 1000 1.8
Al-2.8Ta 12 Y 0.2 -1100 N/A 1.4
Al-2.8Ta 12 Y 0.2 -1112 950 2.3
Al-2.8Ta 12 Y 0.2 -1140 1100 2.2
Al-2.8Ta 12 Y 0.05 -1297 22 1.9
Al-2.8Ta 12 Y 0.05 -1451 213 1.3
Al-2.8Ta 12 Y 0.05 -1307 397 1.5
Al-2.8Ta 8 Y 0.05 -1324 -180 3.7
Ai-2.8Ta 8 Y 0.05 -1316 92 0.7
Al-2.8Ta 2 Y 0.2 -837 Active Active
Al-2.8Ta 2 Y 0.2 -839 Active Active
Al-2.8Ta 2 Y 0.05 -972 -300 *41.7
Al-2.8Ta 2 Y 0.05 -870 -277 *6.6
Bulk Ta 12 Y 0.2 -130 > 1200 6.3
Bulk Ta 12 Y 0.2 -493 > 1200 1.6
Bulk Ta 12 Y 0.2 -515 > 1200 1.5
Bulk Ta 2 Y 0.2 -327 > 1200 1.5
Bulk Al 12 Y 0.2 -1322 -588 186
Bulk Al 2 Y 0.2 -675 Active Active
Bulk Al 2 Y 0.2 -687 -628 *0.73
Bulk Al 2 Y 0.2 -745 -630 *4.5

*Average current density; current density is potential-dependent.

Polarization curves for duplicate Al-2.8Ta alloys in a pH 12 chloride solution (0.1M
NaCl with the pH adjusted with NaOH) generated at a scan rate of 0.2 mV/s are
presented in Figure 12. Reproducible behavior was observed with both curves
exhibiting similar passive current densities and corrosion potentials. A slight
perturbation in the current was observed at low potentials. This may indicate that the
specimen had not reached steady state conditions. The most striking feature noted in




these curves was the high breakdown potential at approximately 800 mV. A
comparison of the polarization behavior for this alloy with that of pure bulk Al and pure
bulk Ta is shown in Figure 13. This comparison reveals that the Al-Ta alloy behavior is
more like that of pure Ta than pure Al; suggesting that the passive film chemistry at pH
12 may be closer to that which forms on pure Ta. Indeed, XPS measurements indicate
this to be the case.

Similar experiments were also conducted in a pH 2 chloride solution (0.1 M NaCl
with the pH adjusted to 2). Replicate curves showed reproducible behavior; howeaver,
the behavior was quite different from that observed at the high pH. A comparison of the
polarization behavior {generated at a scan rate of 0.2 mV/s) for the Al-Ta alloy with that
of the pure metals in the pH 2 solution is shown in Figure 14. In this case, the alloy
curve shows little evidence of passivity. The polarization curve for the Al-Ta alloy at low
pH is similar to the curve generated for pure Al.

To confirm the results of these experiments, we conducted a series of anodic
polarizations at a lower scan rate, 0.05 mV/s. A comparison of the 0.2 mV/s scan rate
data with the data obtained at 0.05 mV/s, at a pH of 12, is presented in Figure 15. Our
experiment revealed a much lower breakdown potential for the alloy at the slow scan
rate and is consistent with the argument that the faster scan rate in this case does not
allow sufficient time for breakdown of passivity to occur. One of the three curves
generated for the Al-Ta alloy at a pH of 12 appears in Figure 15. Replicate curves at pH
12, generated at the slower scan rate, are presented in Figure 16. Breakdown
potentials ranging from 22 mV to 397 mV and passive current densities of 1 to 2 pA/cm?2
were observed for these specimens. Some variation in the breakdown potential is
expected since pitting is a stochastic process. In addition, small flaws in the alloy film
have also been found to contribute to variations noted in the breakdown potential for
these type of alloys. The slight perturbation in current at iow overpotentials, which was
noted at the faster scan rate, was not observed in any of the specimens tested at the
lower scan rate.

At a pH of 2, the slower scan rate data for the Al-Ta alloy actually look better than
the faster scan rate data, as Figure 17 illustrates. A more defined passive region and a
more distinct breakdown potential are noted at the slower scan rate. An explanation for
this behavior is presented in discussion section.




Al-Ta alloy polarization behavior was also evaluated at the 0.05 mV/s scan rate at a
pH of 8. Behavior at this pH was similar to that observed at pH 12; however, a slightly
lower breakdown potential was observed at pH 8. Figure 18 shows the polarization
curves generated at pH 8 at the slower scan rate. A difference of 270 mV was noted in
the breakdown potential and a variation in ip from 0.7 to 3.7 nA/cm2 was observed.
Earlier polarization resuits for this alloy (without deaeration and with a scan rate of 0.2
mV/s) are also included in Table 2 and reveal ip values similar to those observed at the
faster scan rate and slightly lower breakdown potentials.

A comparison of the Al-Ta alloy polarization behavior as a function of pH is
presented in Figure 19. Three observations can be made from these data. First, the
open circuit potential increases as the pH decreases. This is expected since the
potential of the hydrogen reduction reaction is potential dependent. Second, the
breakdown potential increases with increasing pH and constant chloride concentration.
Third, the passive current density increases with decreasing pH. An explanation for
these last two observations is presented as part of the Discussion section.

Surface Analysis

The passive film chemistry of Al-Ta alloys depends strongly on the pH of the
solution, especially in the near-neutral to basic solution range (Figure 20). As previously
reported [4], in near-neutral solutions, the passive film remains thin (<10 nm)
throughout the polarization sequence with the substiate being easily detected by XPS
even at the breakdown potential. Considerable amounts of oxidized Ta are present
open circuit potential (~20 percent of the oxidized cations); this composition remains
essentially constant for the first 600 mV of polarization (Figure 21). Above this potential
{corresponding to the potential at which pure aluminum pits), the oxidized Ta increases
until the passive film contains nearly equal amounts of oxidized Ta and Al

The behavior of the passive film in pH 3 solutions is generally similar. The film
remains thin until the breakdown potenual is reached. Although little Ta is found in the
passive flim at open circuit and the first polarization, its concentration increases with
overpotential (Figure 21). At the breakdown potential, the passive film also contains
comparable amounts of oxidized Al and Ta. Nonetheless, at the same overpotential,
more oxidized Ta is found in the passive film formed at pH 3 than in that formed at pH 8.
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The passive film formed in pH 12 solutions is very different. Even at the open circuit
potential, the film is thicker than the information depth of XPS (~10 nm) and is
composed entirely of oxidized Ta with no Al detected (Figure 21). Based on XPS
quantitative analysis, the film is a hydrated form of TagOs, Ta(OH)s. No change in the
chemistry is observed during the polarization sequence.

Aithough Figures 20 and 21 are helpful in showing some of the differences and
changes in passive fim chemistry that occur during polarization for the three pH regions,
the Al203-Ta205-H20 SBD (Fig. 22) provides a more comprehensive understanding of
the passive film evolution. In the deaerated pH 8 KCI solution, the film is initially
partially hydrated Al203 (with a composition midway between Ai2O3 and AIOOH) with
10 to 15 molar percent of TapOs. The composition does not change until the
breakdown potential of pure Al, EpAl, in this solution is reached when the concentration
of TagOs approximately doubles and some dehydration of the Al oxide occurs (path a).
Upon further polarization in the regime where the Al-Ta alloys exhibit enhanced
passivity, the film evolves along a line directly toward Ta(OH)s (path b). That is, the
Tag0s/Al203 of the EpA! film is replaced by Ta(OH)s as the Al+3 goes into solution and
the Ta20s5 hydrates. As Ep is approached, more of the remaining TapOs may undergo
hydration with little change in the Ai203 content and, thus, the evolution line in the SBD
curves downward.

The evolution of the passive film chemistry in the aerated pH 3 solution is a less
complex single-step process. The open circuit film is composed of AloQ3 with little or
no hydration. Upon polarization, the film chemistry proceeds directly toward the
Ta(OH)s point of the SBD (path ¢), indicating a simple replacement of the AloO3 with
Ta(OH)s as AI+3 goes into solution. Thus, the evolution of the passive film chemistry in
the pH 3 solution is very similar to that occuring in the second phase at pH 8 -- an
increase in the Ta(OH)s concentration at the expense of the original constituents. At
Eb. this replacement has progressed further so this film contains more Ta(OH)s than
the pH 8 film.

The evolution of the pH 12 passive film is also included in the SBD for
compieteness, but is less interesting. The film is composed of Ta(OH)s from the open
circuit to breakdown. (The small variation about the Ta(OH)5 point represents scatter in
the data.)

11




DISCUSSION

To explain the enhanced passivity of Al-W alloys over a wide range of pH values
despite large changes in the composition of the passive film, we have introduced the
solute-rich interphase model [9]. The SRIM requires that the solute exhibit passivity
(or, possibly, immunity) in the low-pH environment of an occluded cell or protopit. In this
model, localized increases in the solute concentration at the metal-oxide interphase and
at defects inhibit pit initiation and stabilize the occluded cells. If a defect in the passive
film extends to the interphase, the solute-rich metal region below the film inhibits pit
formation by forming an oxidized solute barrier layer and reduces CI- adsorption by
locally reducing the pHpzc¢ (Fig. 23). If Al dissolution and acidification begin, the lccal
solute concentration in both the alloy and passive film increases further (Fig. 23). The
oxidized solute (a combination of WO2 and WO3 or, more likely based on quantative
XPS, W(OH)4 and W(OH)g) is more stable at the low pH environment of the pit than the
original film, and the solute passivates the site. Passivity is further enhanced because,
according to the pHpzc model [11-15], less CI- would adsorb locally.

The SRIM predicts that increasing amounts of oxidized solute would be found in the
passive film with greater overpotential as the density of passivated pits increases. The
model also explains the correlation of Ep with the PHpzc of the oxidized solute [15]
despite the wide range of solute concentration in the passive film seen for different
alloys under different conditions. The important factor is the soiute's localized
concentration in an occluded cell, not the overall concentration of the solute in the
passive film. Because the film in such a cell is predominately oxidized solute, the local
PHpz¢ would be considerably lower than that of the passive film away from a cell.

The Pourbaix diagram for Ta also predicts passivity at low pH [31], suggesting that
the SRIM might be applicable in the Al-Ta case as well. The evolution of the passive
film chemistry in the SBD of Figure 22 indicates that this model can indeed explain the
enhanced passivity of Al-Ta alloys. The pH 3 data show that Ta(OH)s, a hydrated form
of oxidized Ta, is the passivating species under these conditions. As the specimen is
polarized, the passive film evolves directly toward Ta(OH)s (path c) as this species
replaces the original oxidized Al. In deaerated pH 8 solutions, the passive film initially is
a mixture of partially hydrated Al2O3 and Ta2Q0s, both of which are stable species
under these conditions. Little change in the composition is noted until EpAl is
approached and the amount of TaoOs increases two-fold. Once EbA' is exceeded and
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the alloy exhibits enhanced passivity, the amount of Ta(OH)s increases as it replaces
the Ta20s5/Alo03 in the occluded cells and they passivate. Because the area of
passivated pits is less than the total area even at Ep of the alloy, the passive flim
contains more oxidized Al than that of the pH 3 solution, which partially simulates the
occluded cell environment.

This model is consistent with the changes observed in the polarization data for the
Al-Ta alloy as a function of scan rate and pH. At pH 12 a lower breakdown potential
was observed at the slower (0.05mV/s) scan rate. This is in line with the concept that
slower scan rates allow more time for CI- to penetrate the passive film. Several possible
routes for the CI- to reach the underlying metal have been proposed, including existing
defects in the film, coalescence of cation vacancies [29,30], and fibrils [19]. At this high
pH, the passive film for the alloy is entirely oxidized Ta with no Al detected -- the same
chemistry as would be expected for a pure Ta substrate. However, unlike the case of
pure Ta, a breakdown potential is observed for the Al-Ta alloys. This occurs when the
Cl- reaches the substrate (irrespective of how it got there) and finds the metal to be Al
and not Ta. At this pH, the passive film is thicker than at the lower pH values and no Al

is present. The low passive current density would be consistent with very limited
dissolution of Ta through the Ta{OH)s barrier.

At low pH, the passive film chemistry is similar to that observed at neutral pH --
oxidized Al and oxidized Ta are both present and the film is relatively thin (< 10nm).
The increase in Ep with decreasing scan rate can be explained by considering
competion between growth of the solute-rich interphase and an increased driving force
for CI* to react with the metal as the potential is increased. With the slower scan rate
more time is available for the solute-rich layer to develop and thus, a higher driving force
is required for the CI" to interact with the metal. The higher passive current density at
the lower pH can be explained by increased Al+3 dissolution from the pH-3 passive film
as evidenced by the greater concentration of oxidized Ta at a given overpotential.

CONCLUSIONS
Several conclusions can be drawn from the data presented here that elucidate the

mechanisms of passivity of nonequilibrium stainless aluminum alioys and identify
alternative production methods.
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Thick films of stainless aluminum that are grown by high-rate physical vapor
deposition exhibit enhanced passivity despite nodules and other defects.

Thin-film Al-Ta alloys exhibit enhanced passivity over a wide range of pH values.

The passivating species of the Al-Ta alloys is Ta(OH)s, a hydrated form of
oxidized Ta, as determined by quantitative XPS and surface behavior diagrams.

The concentration of Ta(OH)s in the passive film is dependent on solution pH
and increases with overpotential in pH 3 and pH 8 solutions.

The solute-rich interphase model (SRIM) previously developed for stainless Al-W
alloys can also explain the enhanced passivity of Al-Ta alloys.
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Schematic of High-Rate PVD System
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Figure 2. Schematic diagram of High-Rate Physical Vapor-Deposition System.
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Figure 6. Replicate potentiodynamic scans of CD-12 specimens (Al-2.4W on Si) in

0.1M NaCl solution at pH 8 with a scan rate of 0.2 mV/s. Also shown for comparison is
equivalent data for pure Al.
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Figure 7. Replicate potentiodynamic scans of CD-13 specimens (Al-Ta on Si) in 0.1M
NaCl solution at pH 8 with a scan rate of 0.2 mV/s.
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Figure 8. Replicate potentiodynamic scans of CD-16 specimens (Al-Ta on Al) in 0.1M
NaCl solution at pH 8 with a scan rate of 0.2 mV/s.
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Figure 9. Replicate potentiodynamic scans of CD-17 specimens (Al-1.9W on glass) in
0.1M NaCl solution at pH 8 with a scan rate of 0.2 mV/s.
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Figure 11. Comparison of potentiodynamic scans of all the vapor-deposited specimens
and pure Al. All tests were in 0.1M NaCl solution at pH 8
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Figure 12. Replicate potentiodynamic scans of Al-2.8Ta specimens in 0.1 M NaCl
solution at pH 12 with a scan rate of 0.2 mV/s.
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Figure 13. Comparison of potentiodynamic scans of Al-2.8Ta, pure Al, and pure Ta
specimens in 0.1 M NaCl solution at pH 12 with a scan rate of 0.2 mV/s.
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Figurp 14, pomparison of potentiodynamic scans of Al-2.8Ta, pure Al, and pure Ta
specimens in 0.1 M NaCl solution at pH 2 with a scan rate of 0.2 mV/s.
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Figure 15. Comparison of potentiodynamic scans of Al-2.8Ta in 0.1 M NaCl! solution at
pH 12 with scan rates of 0.2 mV/s and 0.05 mV/s.
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Figure 16. Replicate potentiodynamic scans of Al-2.8Ta specimens in 0.1 M NaCl
solution at pH 12 with a scan rate of 0.05 mV/s.
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Figure 17. Comparison of potentiodynamic scans of Al-2.8Ta in 0.1 M NaCl solution at
pH 2 with scan rates of 0.2 mV/s and 0.05 mV/s.
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Figure 18. Replicate potentiodynamic scans of Al-2.8Ta specimens in 0.1 M NaCl
solution at pH 8 with a scan rate of 0.05 mV/s.
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Figure 19. Comparison of potentiodynamic scans of Al-2.8Ta in 0.1 M NaCl solutions at
pH 2, 8, and 12 with a scan rate of 0.05 mV/s.
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Figure 21. Ratio of oxidized Ta to all oxidized cations in th ive fi
. . e passive film, as measured
by XPS, as a function of overpotential in 0.1 M NaCl solutions at pH 2, 8, and 12.
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Figure 23. Schematic representation of the Solute-Rich Interphase Model (SRIM). a)
Solute-rich metallic region under the passive film inhibits pit formation at defects. b}
Acidification of an occluded cell and dissolution of Al causes the passive film and
underlying alloy to become solute-rich locally. ¢) Solute-rich interphase passivates the
cell due to more stable film and reduced adsorption of Cl~. Solid circles correspond to
metallic solute; open circles correspond to oxidized solute (Ref. 9).
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